We studied the effectiveness of application of high-frequency mechanical peening to improve fatigue resistance characteristics of tee welded joints in metal structures which are operated in a sea climate. Corrosion damage characteristic for such structures after long-term service was produced by soaking the welded joints in KST-1 salt spray chamber for 1200 h. Metallographic studies were conducted of weld zone and HAZ of welded joints in the initial (unstrengthened) state and in the state of strengthening by the HFMP technology after the impact of corrosive environment. It was established that strengthening by this technology does not improve the joint resistance to the impact of neutral salt spray. Fatigue testing of welded joints were performed in the initial and strengthened state after the impact of neutral salt spay. It was found that strengthening tee welded joints by HFMP before the corrosive impact allows increasing their fatigue strength at 2•10 6 cycles by 48 % and increasing cyclic fatigue life by 2-5 times. Compactness, mobility and low cost of equipment for high-frequency mechanical peening (HFMP) allows strengthening parts of machines and metal structures in any spatial position in the field, in particular under the water [11] . Works [12] [13] [14] [15] give the results of experimental studies of the effectiveness of application of HFMP technology, known in foreign publications as «ultrasonic shock treatment», to improve corrosion resistance and characteristics of corrosion fatigue resistance of welded joints. In these studies assessment of corrosion resistance, corrosion rate and corrosion fatigue of welded joints was performed in NaCl solutions.
Various treatments of surface layer of metals and alloys are widely used to improve their corrosion resistance, promoting a change of their structure, hardness improvement, relieving tensile residual stresses and inducing compressive residual stresses, as well as reducing stress concentration. Papers of recent years on this subject are devoted both to studying the technological features of surface strengthening by traditional methods of plastic deformation of metal (for instance, shot blasting), and to investigation of new treatments [1] [2] [3] [4] [5] . Compared to such costly and unproductive treatments as surface melting by nanopulsed laser [3] or high-power pulsed electron beam [4] , steel ball attrition treatment with vacuum chamber application [5] , swaging in the hot or cold state [6] [7] [8] , application of high-frequency mechanical peening [9, 10] has a number of advantages.
Compactness, mobility and low cost of equipment for high-frequency mechanical peening (HFMP) allows strengthening parts of machines and metal structures in any spatial position in the field, in particular under the water [11] . Works [12] [13] [14] [15] give the results of experimental studies of the effectiveness of application of HFMP technology, known in foreign publications as «ultrasonic shock treatment», to improve corrosion resistance and characteristics of corrosion fatigue resistance of welded joints. In these studies assessment of corrosion resistance, corrosion rate and corrosion fatigue of welded joints was performed in NaCl solutions.
Analysis of polarization fatigue curves showed that strengthening by HFMP technology increases the corrosion potential and lowers the corrosion rate of peening zone (line of weld metal transition to HAZ). Here, cyclic fatigue life of butt welded joints of pipes rises 2 times, and that of tee joints -up to 6 times. It should be noted that the above data of accelerated corrosion testing do not give an idea about lowering of service properties of HFMP-treated welded joints as the strengthened metal layer is destroyed.
Influence of partial corrosion loss of HFMP-strengthened metal layer on residual stress fields and cyclic fatigue life of welded joints is considered in [16, 17] . In [16] it is shown that corrosion damage of welded joints of low-alloyed shipbuilding steel equivalent to 7.5 years of operation leads to reduction of the thickness of surface layer of metal with induced residual compressive stresses approximately from 1.5 to 1.0 mm, and lowering of their maximum level. The authors came to the conclusion about the rationality of welded joint treatment by HFMP, as compressive residual stresses are induced in the peening zone instead of tensile residual stresses, and they are preserved even at partial loss of the strengthened layer. In [17] metallographic studies showed that soaking of welded joints of weather-resistant steel in moisture chamber G4 at elevated temperature and moisture for 1200 h leads to partial damage of the strengthened metal layer as a result of formation of corrosion cavi-INDUSTRIAL ties. Experimental data, obtained on tee welded joints after corrosion impact, show that pre-strengthening by HFMP improves the fatigue strength at 2•10 6 cycles of such joints by approximately 48 %, and their cyclic fatigue life rises 6 to 8 times. Unlike low-alloyed steels, soaking of stainless steel samples in aggressive media for 1000 h does not lead to a significant damage of strengthened metal layer [18, 19] .
Thus, results of studies [16] [17] [18] [19] show that establishing the characteristics of fatigue resistance of welded joints at considerable damage (corrosion loss) of HFMP-strengthened layer of metal is an urgent task. Significant corrosion damage can be produced by prior soaking of welded joints in salt spray chamber, which allows simulation of metal structure operation in sea climate.
The objective of this work is assessment of fatigue resistance characteristics of tee welded joints strengthened by HFMP after soaking in neutral salt spray environment.
Material and investigation procedure. Experimental studies for corrosion fatigue were conducted on samples of tee welded joints of low-alloyed steel 15KhSND (s y = 400 MPa, s t = 565 MPa), which is extensively applied for fabrication of elements of metal structures for long-term operation (for instance, in superstructures of railway and road bridges), has higher strength, good weldability, is resistant to atmospheric conditions and operative in the temperature range from -70 up to 45 ºC.
Blanks for welded joint samples were cut out of hot-rolled sheet of 12 mm thickness, category 12. Dimensions of blanks for tee joints were 350×70 mm. Tee joints were produced by welding on transverse stiffeners (also from 15KhSND steel) by manual arc process with electrodes of UONI 13/55 grade by fillet welds from two sides of the plate. Root weld (first layer) was made with 3 mm diameter electrodes, and face weld (second layer) -with 4 mm electrodes. Shape and geometrical dimensions of samples of tee welded joints are given in Figure 1 . Sample thickness is due to wide applicability of 12 mm rolled stock in engineering welded metal structures, and working part width of 50 mm was selected, proceeding from test equipment capacity.
Experimental studies were conducted in servohydraulic machine URS-20 at alternating tension with cycle asymmetry R σ = 0 and frequency of 5 Hz at regular loading. Criterion of test completion was complete failure of samples or exceeding test base of 2•10 6 cycles of stress reversal. Samples were tested in the initial state and in HFMP-strengthened state after soaking in corrosive medium.
Welded joint strengthening by HFMP technology was performed with USTREAT-1.0 equipment, in which manual compact impact tool with piezoceramic converter is connected to ultrasonic generator of 500 W power. At strengthening of welded joints by HFMP, surface plastic deformation was applied to a narrow zone of weld metal transition to HAZ (along the fusion line). Single-row four-striker attachment with striker diameter of 3 mm was used as the strengthening tool. Speed of HFMP performance in treatment of tee welded joints was equal to 1 mm/s, and amplitude of oscillations of the end of waveguide of manual impact tool was 25 mm.
To produce preliminary corrosion damage welded samples were placed into KST-1 salt spray chamber. Investigations were conducted to GOST 9.401-91 «USCAP. Paint coatings. General requirements and methods of accelerated tests on resistance to the action of climatic factors (method 1, B)» in KST-1 at temperature of (35 ± 2) ºC with spraying of sodium chloride solution for 15 min every 45 min of studies. Sodium chloride concentration in the solution was (50 ± 5) g/dm 3 , pH was from 6.5 to 7.2, and density was 1.03 g/cm 3 . Conductivity of distilled water for preparation of sodium chloride solution is not more than 20 mOhm/cm at temperature of (25 ± 2) ºC. Duration of welded sample staying under the impact of salt spray was 1200 h.
Metallographic studies of surface layer of weld metal and HAZ of tee welded joints after soaking in KST-1 salt spray chamber were conducted on samples in the initial (unstrengthened) state and in HF-MP-strengthened state. Results of metallographic studies of the surface layer of the metal of weld and HAZ of similar welded joints in the initial and HF-MP-strengthened states prior to corrosion impact are given in [17] . 
INDUSTRIAL
Investigation results. After soaking in salt spray chamber for 1200 h the samples were coated by the layer of corrosion products of up to 1-2 mm (Figure 2) . In surface layers of weld metal of tee welded joint in unstrengthened state after soaking in chamber quite extended corrosion damage is observed in the form of spots and cavities of 1.95×0.65, 4.16×0.26, 2.73×0.195 mm size. In HAZ metal corrosion damage is less extended, but deeper, of up to 0.56×0.52 and 1.30×0.65 mm size. Corrosion damage in the HAZ surface layers is located predominantly along the fusion boundary of coarse grain zone, and in some cases they cavities are filled with corrosion products (Figure 3) .
After HFMP strengthening plastically deformed layers of weld metal 1.70-1.82 mm wide and of HAZ metal 1.3-1.7 mm wide formed under the groove. Here their depth, due to visible changes of metal structure under the groove, was equal to 390-650 mm, before placing into chamber. After soaking tee welded joint samples in chamber, the width of strengthened metal layer decreased to 0.52-1.30 mm, and its depth -to 65-455 mm. Individual regions showed just traces of HFMP-strengthened metal layer 0.52 mm wide and 65-91 mm deep, located either in weld metal or in HAZ metal, that is indicative of practically complete damage (loss) of the strengthened layer.
In strengthened surface layers of metal of fillet welds and HAZ of welded joints after soaking in chamber, cavities of 2.60×0.26, 2.08×0.65 mm in the weld metal and of 1.69×0.65 and 0.36×0.78 mm size in the HAZ metal were found along the fusion boundary. Characteristic corrosion damage of strengthened surface layer of metal is as follows: spot corrosion with different penetration depth ( Figure 4, a) ; surface corrosion to the depth from 0.02 to 0.13 mm (Figure 4, b) ; complex corrosion damage, which are cavities, developing into pitting, and corrosion cracks, developing into cavities, filled with corrosion products (Figure 4, c) .
Results of metallographic investigations with computed values of the extent of damage and total projected damage surface area, depth of corrosion spot and cavity penetration into the surface layers of metal of fillet welds and HAZ in tee welded joints are given in the Table. Depth of penetration of corrosion spots in the surface layer of metal of the weld and HAZ for welded joints in the initial and HFMP-strengthened states is practically the same and is equal to 0.65 and 0.78 mm, respectively. Thus, strengthening by HFMP technology does not improve the corrosion resistance of samples of tee welded joints under the conditions of exposure to neutral salt spray.
Results of fatigue testing of samples of tee welded joint of 15KhSND steel after soaking in salt spray chamber are shown in Figure 5 . Experimental data Soaking of samples of tee welded joints in salt spray chamber for 1200 h leads to lowering of fatigue strength at 2•10 6 cycles in unstrengthened welded joints by 25 % (from 180 to 135 MPa), and in HF-MP-strengthened joints -by approximately 24.5 % (from 265 to 200 MPa).
Application of HFMP as a method of surface plastic deformation of the joint metal near the points of fatigue damage localizing improves fatigue resistance characteristics of tee welded joints, both in air and at exposure to corrosive environment. Results obtained in welded joints after corrosive impact (see curves 2 and 4 in Figure 5 ) show that pre-strengthening by HFMP technology increases the fatigue strength at 2•10
6 cycles of such joints by approximately 48 % (from 135 up to 200 MPa), and improves cyclic fatigue life 2-5 times. It should be also noted that fracture of unstrengthened welded joints after soaking in chamber occurred along the line of weld metal transition to HAZ metal ( Figure 6, a) , and that of strengthened ones took place at a distance from the weld and HAZ, predominantly near the grip part (Figure 6, b) . Such fracture is indicative of comparability of fatigue resistance characteristics of HFMP-strengthened welded joint and base metal with corrosion damage.
Thus, experimental results are indicative of the rationality of application of HFMP technology to improve fatigue resistance characteristics of tee welded joints of metal structures, exposed to alternating loading and sea climate in operation (see curves 2 and 4 in Figure 5 ). Despite corrosion loss of the main part of strengthened layer, fracture of welded joints runs through the base metal from surface corrosion damage. Here, it should be noted that protection of HFMP-strengthened surface layer of metal from direct impact of aggressive media, and from corrosion Dimensions of corrosion damage in surface layers of metal of welds and HAZ in tee welded joints of 15KhSND steel after soaking for 1200 h in salt spray chamber Figure 5 ).
Conclusions
1. The paper gives the results of metallographic assessment of surface layers of metal of the weld and HAZ of welded joints in the initial (unstrengthened) and HFMP-strengthened state after exposure to neutral salt spray. It is found that strengthening by HFMP does not lead to improvement of joint resistance to the impact of neutral salt spray.
2. The high effectiveness of HFMP technology application to improve the fatigue resistance characteristics of welded joints in metal structures, operating in sea climate, was established. HFMP strengthening of tee welded joints of 15KhSND steel before soaking in neutral salt spray chamber for 1200 h leads to improvement of cyclic fatigue life 2-5 times, depending on the levels of applied stresses, and to 48 % increase of fatigue strength at 2•10 6 cycles. 3. It is shown that fracture of unstrengthened welded joints after soaking in salt spray chamber proceeds along the line of transition of weld metal to HAZ metal, and in HFMP-strengthened joints it occurs at a distance from the weld and HAZ, predominantly near the grip part (in base metal). Such a fracture is indicative of comparability of fatigue resistance characteristics of HFMP-strengthened welded joint and base metal with corrosion damage.
